The new chalcogel CuSb 2 S 4 was obtained by reacting Cu(OAc) 2 ·H 2 O with KSbS 2 in a water/formamide mixture at room temperature. In order to modify the gas adsorption capacity the synthesized CuSb 2 S 4 aerogel was loaded with different amounts of LiCl. CO 2 adsorption measurements on the CuSb 2 S 4 aerogel before and after treatment with LiCl showed more than three times increased uptake of the LiCl-modified chalcogel. The selectivities of the gas pairs CO 2 /H 2 and CO 2 /CH 4 in the LiCl-treated chalcogel are 235 and 105 respectively and amongst the highest reported for chalcogenide-based aerogels. In comparison with other porous materials like zeolites, activated carbon and most of the Metal Organic Frameworks (MOFs) or Porous Organic Frameworks (POFs), our synthesized aerogels show good air and moisture stability. Although, the CO 2 storage capacity of our aerogels is relatively low, however the selectivity of CO 2 over H 2 or CH 4 in LiCl-loaded aerogels are higher than in zeolites, activated carbon as well as some MOFs like Cu-BTC and MOF-5 etc.
Introduction:
The CO 2 capture and sequestration (CCS) has recently received significant attention [1, 2] . In addition to the negative effects on climate, CO 2 is a major contaminant of methane-rich gases and hydrogen fuels [2, 3] . Porous CO 2 capture materials usually exhibit a high surface area and pore volume together with adsorptive-CO 2 bonding interactions that result in high CO 2 adsorption capacity [4, 5] . The traditional CO 2 capture is based on the chemical absorption of CO 2 using aqueous solutions of amines [4, 6] . However, a large amount of energy is prerequisite for amine regeneration [4, 6] . Several porous materials have been studied for CO 2 uptake capacity, such as zeolites [7, 8] , activated carbon [9] [10] [11] , metal-organic frameworks (MOFs) [12] and porous organic frameworks (POFs) or porous aromatic frameworks (PAFs) [4, 13] . Due to their high specific surface areas and less energy consumption for regeneration, they are considered for CO 2 capture [7] [8] [9] [10] [11] [12] [13] . The adsorption behaviour of porous metal chalcogenides (chalcogels) with high surface area, large pore size distribution, surface polarizability, and chemical selectivity has also been studied in this context [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Current investigations have demonstrated that metal chalcogels show high adsorption capacity and selectivity for CO 2 [18, 19, 22, 27, 28] .
For high CO 2 /H 2 or CO 2 /CH 4 adsorption selectivity, bonding interactions between porous material and CO 2 are crucial. Numerous post-synthetic modifications (PSM) on porous materials have been performed to enhance the interactions between adsorbent and gas molecules [5, 12, 13, [29] [30] [31] . For instance, CO 2 adsorption capacity has been improved in aminefunctionalized zeolites and ion-exchanged zeolites while nitrogen-doped porous carbons have also shown an excellent CO 2 uptake [29, 30] . Similarly, some MOFs have demonstrated a notable improvement in CO 2 adsorption capacity and selectivity via the introduction of flexible pendants M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT 3 bearing hydroxyl, amine, or ether functional groups [31] . Moreover, impregnation of certain metal ions onto the surface of the porous networks has improved the gas adsorption efficiency [4, 5, 12, 13] . Incorporating metal ions has attracted considerable attention because they can increase the heat of adsorption for CO 2 shown that the incorporation of light-harvesting dyes in chalcogels can enhance the photochemical production of H 2 [24] [25] [26] . Until now, however, there appear to be no studies about the post-synthetic modifications of metal chalcogels to improve their CO 2 adsorption capacity and selectivity.
Motivated by the above-mentioned experimental and theoretical studies, the new chalcogenide aerogel CuSb 2 S 4 was synthesized and treated with LiCl. The synthesis of CuSb 2 S 4 and effects of the LiCl treatment on the gas adsorption properties are reported in the following. (supporting information, Figure S1a ) [34a] . The solvents (formamide and water) were deoxygenated with N 2 gas for about 2 h. Synthesis and solvent exchange were carried out in a N 2 -glovebox. 
Experimental

Synthesis
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Synthesis of the
Transmission electron microscopy (TEM):
The chalcogels samples for TEM were prepared by suspending the powder aerogel samples in ether and casting on a carbon-coated Cu grid. Finally, high-resolution TEM images were obtained using a FEI Titan 80-300 Super Twin operated at 300 kV.
Scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS):
Quanta 3D FEG was used for SEM images and EDS of the aerogel samples.
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) Analysis:
To determine the elemental compositions of chalcogel samples, powder aerogels were first suspended in water, and then the samples were digested in 6.0 mL of 69 % nitric acid in closed volumetric flasks using an Ethos1 microwave digestion system at 493 K until the whole solid was completely dissolved. Accurate determinations of Cu, Sb, S, and Li concentrations were performed on a Varian 720-ES ICP-OES instrument.
UV/VIS Spectroscopy:The UV/Vis diffuse reflectance spectrum was recorded with an
Agilent Cary 5000 spectrometer in the wavelength range of 200-3000 nm. BaSO 4 powder was used as a reference (100% reflectance) material and for dilution.
Thermogravimetric analysis (TGA):
The TGA measurements were performed on a Netzsch STA 449 F3 thermogravimetric analyzer using a heating rate of 20 K/min under N 2 flow (20 mL/min).
Density measurements:
The skeletal densities of the aerogel materials were determined by a Micromeritics AccuPyc 1340 gas pycnometer using ultra high purity helium gas. 
Powder diffraction
Results and Discussion
The chalcogenide aerogel (chalcogel) CuSb 2 S 4 was synthesized by a metathesis reaction containing the 1:2 ratios of copper linker and thioantimonate building block (Scheme 1). After gel formation, solvent exchange removed formamide and by-products from the inorganic framework. Supercritical CO 2 drying of the solvent-exchanged CuSb 2 S 4 is essential to extract liquid components whilst retaining the porosity of the chalcogels [20] [21] [22] 27 ,28].
Characterization:
Multiple EDS analyses showed the elemental compositions close to the stoichiometric ratios i.e., Cu1.0Sb1.95S3.99 (supporting information, Figure S2 ). This confirms that Cu 2+ cations and [SbS 2 ]anions form a charge-balanced gel network. The CuSb 2 S 4 aerogel is further characterized by PXRD which shows that the product is amorphous (supporting information, Figure S1b ). The presence of Cu(II) in the aerogel was confirmed by XPS (supplementary material, Figure S15 ).
The TGA shows that decomposition of CuSb 2 S 4 starts at a temperature of 217 °C under nitrogen atmosphere (supporting information, Figure S5a ), suggesting that the material possesses good thermal stability. After LiCl loading, a slight improvement in thermal stability has been observed (supporting information, Figure S5b ). The optical energy band gap of the aerogel was determined by the diffuse reflectance solid-state spectroscopy. The band gap shows a value of 1.75 eV (supporting information, Figure S6 ). It has been observed that the aerogel CuSb 2 S 4 is insoluble in common organic solvents, such as THF, acetone, ethanol, and DMF, indicating high chemical stability. After suspending the aerogel in LiCl-ethanol solution, two different lithium derivatives were obtained, i.e., 1LiCl@CuSb 2 S 4 and 2LiCl@CuSb 2 S 4 containing LiCl contents of 4 wt % and 7.5 wt % respectively. The incorporation of LiCl has been confirmed by ICP-OES and EDS (supporting information Figure S3 -4, Table S1 -2). The PXRD patterns of the LiCl- Table 1 ). The BET surface areas of the aerogels are decreasing with increasing LiCl contents. For 1LiCl@CuSb 2 S 4 (LiCl content is 4 wt%), the BET has been reduced from 412 m 2 /g to 371 m 2 /g while a further reduction to 303 m 2 /g has been observed in higher LiCl content aerogel 2LiCl@CuSb 2 S 4 (LiCl content is 7.5 wt%) ( Table 1) . A slight decrease in the pore volume and pore width is also attributed to the incorporation of the lithium chloride species. A considerable increase of the density after lithiation causes a noticeable decrease in the pore volume (Table 1 ). It is assumed that the interaction rather than any chemical bonding because after multiple washings with water and ethanol, LiCl can be easily removed.
Adsorption Studies:
The gas uptake capacities of CuSb 2 S 4 and LiCl-loaded chalcogels were investigated for CO 2 , CH 4 and H 2 at 273 K and 263 K (Figure 2-3 , supporting information Figure S9 ). The metal chalcogenide aerogel surface can interact strongly with CO 2 due to its polarizable nature [18, 19, 22, 27, 28] . In comparison with CH 4 and H 2 , CO 2 is more polarizable (polarizability α in units of 10 −24 cm 3 : α (CO 2 ) = 2.9 >α (CH 4 ) = 2.6 >α (H 2 ) = 0.8) and their adsorption can be explained by the interaction of CO 2 with the sulfidic surface through dispersion forces. Figure 2a shows that the CO 2 uptake of CuSb 2 S 4 is about 0.63 mmol/g at 273 K, while 2LiCl@CuSb 2 S 4 shows a maximum CO 2 uptake of 2.31 mmol/g at 273 K, which is remarkably increased by ∼360 %, compared with the unmodified chalcogel. It indicates that the CO 2 uptake is increasing with more LiCl content introduced into the aerogel structure. On the other hand, when the LiCl content is larger than 7.5 wt%, the CO 2 uptake decreases noticeably (supporting information Figure S8c ). This is due to lithium chloride aggregation on the surface, which reduces the pore size and surface area for adsorption (supporting information Table S3 ). The interaction of guest molecules with host materials is usually evaluated by the isosteric heat of adsorption ∆H ads [4, 5, 13, 33] . Figure 4b shows that LiCl-loaded gels 1LiCl@CuSb 2 S 4 and 2LiCl@CuSb 2 S 4 have larger ∆H ads for CO 2 than that of CuSb 2 S 4 . Since the LiCl-loading causes a reduction in the surface area and pore volume, the enhanced CO 2 uptake (Figure 3b ) could be assigned to the presence of the LiCl in the chalcogel framework. It is proposed that the dispersion of the lithium species can create a high electric field on the framework surface, which leads to a high binding force with quadrupolar CO 2 molecules [5, 33] .
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A C C E P T E D ACCEPTED MANUSCRIPT 10 As far as the H 2 and CH 4 adsorption capacities are concerned, the LiCl-loaded aerogels also show a slight enhancement in the H 2 and CH 4 uptake (Figure 2b and Figure 3a ). Figure 2b shows hydrogen adsorption isotherms for CuSb 2 S 4 and LiCl-loaded aerogels at 273 K. Based on the isotherms, the H 2 uptake of CuSb 2 S 4 is calculated to be 0.023 mmol/g at 273K, while the H 2 uptake was found to be 0.031 mmol/g and 0.038 mmol/g in 1LiCl@CuSb 2 S 4 and 2LiCl@CuSb 2 S 4 respectively. Similarly a slight increment in the adsorption capacity of CH 4 (from 0.05 to 0.18 mmol/g) was also observed in the LiCl-loaded aerogels. Moreover, the ∆H ads are calculated from the H 2 and CH 4 adsorption data (supporting information, Figure S10 ). We observed that the ∆H ads of LiCl-loaded aerogels are higher than that of CuSb 2 S 4 . This suggests that the Li ions in the modified aerogel promote strong mutual interactions between gas molecules and the chalcogel framework.
From the adsorption isotherms of CO 2 , CH 4 and H 2 , the adsorption selectivity of an equimolar gas mixture in the chalcogel has been calculated according to the ideal adsorbed solution theory (IAST; Figure 2 -4, supporting Information, Figure S11 -14, Table S4 -5) [19, 22, 27] . The calculations revealed that the selectivities of the gas pairs CO 2 /H 2 and CO 2 /CH 4 in 2LiCl@CuSb 2 S 4 are 235 and 105 respectively. This represents a large difference in the adsorbed amount of CO 2 in comparison to H 2 or CH 4 . Consequently, the selectivities of the gas pairs CO 2 /H 2 and CO 2 /CH 4 have been enhanced more than three times, amongst the highest reported for the chalcogenide-based aerogels and most of the porous materials (supporting Information, Table S6 ). Moreover, the synthesized chalcogel is stable with respect to air and moisture according to XPS results (Supporting information, Figure S15 ). We have also studied the adsorption-desorption cycles of hydrogen which shows almost 100% removal of H 2 without any decomposition to our chalcogel material (Supporting information, Figure S16 ).
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Conclusion
The chalcogel CuSb 2 S 4 was synthesized by the sol-gel metathesis route and treatment with LiCl gave the Li-derivatives; 1LiCl@CuSb 2 S 4 and 2LiCl@CuSb 2 S 4 . The 2LiCl@CuSb 2 S 4 aerogel exhibits the highest CO 2 adsorption capability and gas selectivity (CO 2 /H 2 = 235 and CO 2 /CH 4 = 105). The observed selectivities of the gas pairs in the modified aerogels are remarkable and higher than corresponding values in other chalcogels. Additionally the selectivities of the gas pairs in LiCl-loaded aerogels are higher than in zeolites as well as some MOFs like Cu-BTC and MOF-5 etc [35] [36] [37] [38] (supporting Information, Table S6 ). The CO 2 uptake capacity depends on the LiCl contents of the materials, which can be customized by changing the amounts of lithium salt.
The development of high-performance porous chalcogenide frameworks with high CO 2 /H 2 and CO 2 /CH 4 selectivity and increased adsorption capacity of CO 2 shows that further enhanced material properties can be expected by post-synthetic treatment of metal chalcogenide aerogels. 
X-ray photoelectron spectroscopy (XPS)
The XPS studies of the powder samples were carried out in a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al-Kα x-ray source (hν = 1486.6 eV) operating at 150 W, a multichannel plate and delay line detector under a vacuum of ~10 −9 mbar. Measurements were performed in hybrid mode using electrostatic and magnetic lenses, and the take-off angle (angle between the sample surface normal and the electron optical axis of the spectrometer) was 0°. All spectra were recorded using an aperture slot of 300 µm×700 µm. The survey and high-resolution spectra were collected at fixed analyzer pass energies of 160 eV and 20 eV respectively. Samples were mounted in floating mode in order to avoid differential charging. Charge neutralization was required for all samples. Binding energies were referenced to the sp 3 hybridized (C-C,C-H) carbon for the C1s set at 285.0 eV. XPS analysis of the Cu 2p shows lines at 934.4 eV and 954.4 eV which can be assigned to Cu 2p3/2 and Cu 2p1/2 respectively, indicates the presence of Cu(II) species, similarly Sb 3d lines appear at 539.2 eV and 529.3 eV correspond to Sb 3d3/2 and Sb 3d 5/2 respectively. The spectral line for S 2p doublet were observed at 161.4 eV and 162.6 eV that can be assigned to 2p1/2 and 2p3/2 ( Figure S15 ). [9] [10] [11] [12] Figure S15: High-resolution XPS spectrum of Cu 2p, Sb 3d and S 2p core levels in CuSb 2 S 4 .
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